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ABSTRACT: With signiﬁcant water savings and low main-
tenance requirements, artiﬁcial turf is increasingly promoted as
a replacement for natural grass on athletic ﬁelds and lawns.
However, there remains the question of whether it is an
environmentally friendly alternative to natural grass. The major
concerns stem from the inﬁll material that is typically derived
from scrap tires. Tire rubber crumb contains a range of organic
contaminants and heavy metals that can volatilize into the air
and/or leach into the percolating rainwater, thereby posing a
potential risk to the environment and human health. A limited
number of studies have shown that the concentrations of
volatile and semivolatile organic compounds in the air above
artiﬁcial turf ﬁelds were typically not higher than the local
background, while the concentrations of heavy metals and
organic contaminants in the ﬁeld drainages were generally below the respective regulatory limits. Health risk assessment studies
suggested that users of artiﬁcial turf ﬁelds, even professional athletes, were not exposed to elevated risks. Preliminary life cycle
assessment suggested that the environmental impacts of artiﬁcial turf ﬁelds were lower than equivalent grass ﬁelds. Areas that
need further research to better understand and mitigate the potential negative environmental impacts of artiﬁcial turf are
identiﬁed.
■ INTRODUCTION
Artiﬁcial turf (also referred to as synthetic turf) is a surfacing
material engineered to mimic the appearance and sports
performance (e.g., shock absorption, energy restitution, vertical
deformation, slide and slip resistance, and wear resistance) of
natural grass on athletic ﬁelds, golf courses, and lawns. The ﬁrst
generation artiﬁcial turf made of short-pile plastic ﬁbers was
introduced in the 1960s. The improved second generation
products featuring sand inﬁll between the ﬁbers made artiﬁcial
turf widely popular in the early 1980s. The third generation
artiﬁcial turf introduced in the late 1990s is inﬁlled with crumb
rubber or a mixture of sand and crumb rubber to keep the
plastic ﬁbers upright and provide shock absorption similar to
that of natural grass. The new generation of products have been
accepted as providing improved safety, playability, appearance,
durability, with lower annual operating costs and maintenance
requirements, and have moved rapidly beyond athletic ﬁelds to
residential lawns and landscaping.1 Artiﬁcial turf is now widely
considered as an ideal replacement for grass playing surface in
cases where natural grass cannot grow, or where maintenance
of natural grass is expensive or undesired. The advantages and
limitations of artiﬁcial turf compared with natural grass are
summarized in Table 1.
The third generation artiﬁcial turf system is typically
composed of three primary layers (Figure 1a): (a) artiﬁcial
grass ﬁbers (polyethylene, nylon, or a blend of polyethylene
and nylon); (b) inﬁll (rubber made from one or more sources,
or a mixture of sand and rubber); and (c) carpet backing (a
blend of polypropylene, polyamide 6, polyoleﬁns, and/or
polyurethane). The rubber inﬁll is produced predominantly by
mechanical disintegration of scrap tires, and recycled athletic
shoes in rare cases. Rubber manufactured speciﬁcally for inﬁll
purposes is also available, although crumb rubber produced
from scrap tires is much cheaper compared to virgin rubber
($0.04−0.30 vs $1.00 or more per pound, price in early
2000s).2 Signiﬁcant amount of scrap tires can be recycled by
artiﬁcial turf products: tire rubber crumb is applied at up to 6
lbs/ft2 in most artiﬁcial turf ﬁelds (some “heavyweight” inﬁll
systems even contain 9.2 lbs/ft2),3 while 1−2 lbs/ft2 of tire
rubber crumb is often used in lawns. Sand is also used as an
inﬁll material in some artiﬁcial turf products to improve the
hardness, and those with rubber/sand inﬁll generally cost less
and perform most like natural grass. Unlike grass lawns that can
often become waterlogged during the rainy season, artiﬁcial turf
ﬁelds are constructed with a built-in drainage system (Figure
1b) that allows water to drain quickly after the rain.
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Manufacturers typically emphasize that artiﬁcial turf is
environmentally friendly with the use of recycled tire rubber.
Because of their large production volume and durability, the
disposal of scrap tires is a major challenge for waste
management, and a truly environmentally friendly disposal
method remains to be found (Supporting Information, SI).
Artiﬁcial turf can reuse large amounts of scrap tires: an average
soccer pitch/ﬁeld of artiﬁcial turf contains approximately 100
tonnes of tire rubber crumb. It has been estimated that 26.2%
of the scrap tires generated in the U.S. were recycled into tire
rubber crumb, with about 0.18 million tonnes used in sports
surfacing in 2009.4
Today artiﬁcial turf is being widely promoted as a cost-
eﬃcient, environmentally- and user-friendly product that can
replace natural grass on sports ﬁelds and residential lawns. The
markets for artiﬁcial turf in the U.S. and Europe are both over
one billion dollars, and continue to grow, while manufacturers
of artiﬁcial turf have also begun to pay more attention to the
emerging markets, such as China. Depending on the region in
the U.S., a full-size artiﬁcial turf sports ﬁeld can result in an
annual savings of 0.5 to 1 million gallons of water.5,6
Recognizing the signiﬁcant water conservation potential,
many cities and water conservation institutions in the dry
regions of the U.S. have begun to oﬀer ﬁnancial incentives for
the replacement of residential lawns with artiﬁcial turf. It has
been claimed that the use of artiﬁcial turf conserved about 5
billion gallons of water in the U.S. in 2011.5
In spite of the obvious environmental beneﬁts, such as saving
water, requiring no fertilizer or pesticide, and reusing rubber
from scrap tires, artiﬁcial turf can pose potential risk to human
health and the environment, primarily from the contaminants
released by the tire rubber crumb inﬁll. These emissions and
their potential impacts have not received much attention until
recently.7−10 The key question that needs to be answered is
whether artiﬁcial turf is a truly “green” alternative to natural
grass. This review summarizes the beneﬁts of artiﬁcial turf,
assesses its major environmental and health impacts, and
identiﬁes research that is needed to ascertain and mitigate the
environmental impacts of artiﬁcial turf. Available data were
compiled from published journal articles, conference proceed-
ings, books, and gray literature. The latter includes technical
reports published by governmental agencies, academic
institutions, trade publications, and information gathered
from Web sites of manufacturers and other groups, which are
typically not subjected to peer-review and might thus contain
data that were collected to represent biased viewpoints.
Although some cited reports came directly or indirectly from
industries with a ﬁnancial interest in promoting artiﬁcial turf,
data were cross-checked with other sources to ensure the
validity of the conclusions as much as possible.
■ ASSESSING THE ENVIRONMENTAL IMPACTS OF
ARTIFICIAL TURF
The use of recycled tire rubber signiﬁcantly reduces the cost of
artiﬁcial turf, although this practice is aﬄicted with potential
downsides, as tire rubber contains a range of chemical
vulcanizers, oil-based plasticizers, antioxidants, antiozonants,
and ﬁllers in the blend of natural and synthetic rubber,11−16
which are summarized in the SI. Despite the common
assumption that tire rubber is extremely resistant to environ-
Figure 1. Schematic illustrations of the makeup of a typical artiﬁcial turf ﬁeld: (a) the major components of artiﬁcial turf, and (b) the built-in
drainage system.
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mental breakdown, organic compounds and heavy metals in the
rubber matrix can be slowly released through volatilization and/
or leaching under natural conditions. Shredded tires in various
conditions from tire chips to ﬁnely ground rubber crumb have
been used in a range of civil engineering applications, such as
lightweight ﬁll for embankments and retaining walls, insulation
blocks, drainage aggregates, surface materials for playgrounds
and racetracks, soil amendments, and surface mulches.37 A large
number of studies have characterized the environmental
impacts associated with such direct reuse of scrap tire materials,
which provide important insights on the potential environ-
mental impacts associated with artiﬁcial turf.
Volatilization of Organic Contaminants. The odor of
tires is characteristic of amines and sulfur-containing organic
compounds (with very low odor thresholds) that are used in
the compounding of tire rubber.11,16 Despite the unpleasant
smell, car and truck tires do not release signiﬁcant amounts of
volatile organic compounds (VOCs) or semivolatile organic
compounds (SVOCs) under ambient conditions and are not
commonly considered as a source of air pollution. In contrast,
hundreds of VOCs and SVOCs have been identiﬁed in the oﬀ-
gases of rubber vulcanization and pyrolysis.15,17,18 The levels of
total VOCs in the air of two tire shredding facilities located in
central Taiwan ranged from 1.4 to 2.2 ppm, which were not
signiﬁcantly diﬀerent from the local background level (∼1.4
ppm).19 Chemical analysis indicated the presence of various
groups of air pollutants, such as aliphatics (e.g., octane, decane,
and undecane), aromatics (e.g., benzene, toluene, ethylbenzene,
and xylenes), polycyclic aromatic hydrocarbons (PAHs),
methyl isobutyl ketone, styrene, and benzothiazole.19 These
contaminants probably resulted from the decomposition of
rubber polymers, vulcanization accelerators, and plasticizers
during tire shredding and grinding. It has been reported that
benzothiazole was the most abundant volatile compound in the
vapor phase over tire rubber crumb, and that the concentrations
of VOCs leveled oﬀ signiﬁcantly within 2 weeks under natural
weathering conditions and became relatively constant there-
after.8
Leaching of Heavy Metals and Organic Contaminants.
Whole tires and laminated tires have long been used as dock
bumpers and fenders against heavy rubbing and pushing forces
of vessels with few concerns raised about their impact on water
quality. However, the much smaller tire chips and rubber crumb
may release heavy metals and organic contaminants more
readily, and thus present a risk to aquatic environment. Results
of toxicity characterization leaching procedure (TCLP) analyses
(SI Table S1) showed that the regulated metals (As, Ag, Ba, Cd,
Cr, Hg, Pb, and Se) and organic contaminants were typically
below their respective regulatory limits in the leachate of tire
rubber in various shapes.20−23 A wide range of organic
contaminants (SI Table S2) have been detected at very low
concentrations in the leachate of tire shreds and chips, which
resulted from the breakdown of natural and synthetic rubber
polymers, compounds associated with the carbon black, and
various additives such as plasticizers and accelerators.13,15,24−30
Tire rubber leachate typically also contained elevated levels of
Zn, while other heavy metals, such as Cd, Cr, Cu, Fe, Mg, and
Mn were often present at relatively low concentra-
tions.7,8,15,21,24,25,28−35 These metals originated primarily from
the metal oxides and residual steel belt wires of the tire shreds
and chips (SI Tables S3 and S4). Laboratory studies found that
acidic and alkaline conditions favored the leaching of metals
and organic compounds from tire rubber crumb, respectively,
and the leaching rates increased with decreasing particle
size.23,31 A number of ﬁeld studies have been conducted to
investigate the impact of tire shreds and chips used in civil
engineering applications on the quality of surface water and
groundwater through sampling of existing sites and ﬁeld trials
with follow-up monitoring of up to 2 years.21,27,29−31,36,37 In
general, Fe, Mn, Zn, and Al appeared to be the major
contaminants of concern even though their concentrations did
not exceed the respective maximum contaminant levels
(MCLs) for drinking water in most cases, while the organic
contaminants (e.g., amines, aniline, quinoline, amides, and
benzothiazole) occurred only at trace levels. These results
suggest that scrap tire materials may aﬀect surface water and/or
groundwater, and warrant further ﬁeld study with controls.
The ecotoxicity of tire rubber leachate has long been
recognized, although determination of the speciﬁc hazardous
substances responsible for the toxic eﬀects was diﬃcult. Lethal
and sublethal eﬀects on aquatic biota as well as genotoxicity
have been documented for tire leachate and solvent extracts of
tire rubber.12−15,19,25,26,38−43 Leachate from used tires was also
found to be more toxic than that from the new ones,14 which
could be explained by the easier release of hazardous substances
from the matrix of worn rubber. In general, the major toxic
constituent in tire leachate is zinc, with minor contributions
from organic compounds. Even though leachate from tire chips
and tire rubber crumb can be toxic to some aquatic life, dilution
(i.e., by inﬁltrating rainwater and groundwater) in natural
systems is expected to reduce its toxicity and lower the
associated ecological risk.
Contaminants Contributed by the Nonrubber Com-
ponents of Artiﬁcial Turf. Besides tire rubber crumb, plastic
ﬁbers of artiﬁcial turf are also a potential source of heavy metals,
particularly lead. Some manufacturers produced plastic ﬁbers
with encapsulated lead chromate pigment in the early years of
artiﬁcial turf product development. Excessive levels (several
mg/g) of lead had been found in some artiﬁcial turf ﬁbers made
of nylon or polyethylene/nylon blends, while ﬁbers made of
polyethylene commonly contained very low or undetectable
levels of lead.10,44,45 Even though the leaded pigment particles
are not expected to leach from intact nylon ﬁbers, deterioration
of these ﬁbers over time can result in the formation of lead-
containing dust. In addition, artiﬁcial turf ﬁelds with exotic
colors could also contain elevated levels of lead, probably due
to the use of specialty pigments.45 A scoping-level ﬁeld
monitoring study found that the lead contents in the ﬁbers of
six artiﬁcial turf ﬁelds ranged from 0.002 to 0.39 mg/g, which
were below the standard set by the U.S. Environmental
Protection Agency (USEPA) for lead in soils (0.40 mg/g).46
Only ﬁbers from the repaired area of one ﬁeld had a high level
of lead (0.70 mg/g), while the lead contents of tire rubber
crumb in these ﬁelds only ranged from 0.01 to 0.05 mg/g.46
A comprehensive laboratory investigation found that the
ﬁbers from two artiﬁcial turf manufacturers had relatively high
levels of Al (1.2−2.1 mg/g) and Fe (2.7−4.0 mg/g), while the
contents of Cr, Cu, Mg, Mn, Ni, Sn, and Ti were in the range of
0.01−1 mg/g and those of Ba, Co, Mo, Pb, and Sr were below
0.01 mg/g.35 The ﬁbers from a third manufacturer contained
even higher levels of Fe (14.3 mg/g) and Zn (7.6 mg/g), and
relatively high levels of Ti, Sn, Cu, Co, and Ni (0.1−1 mg/g) as
well.35 The relatively high levels of heavy metals probably came
from the coloring pigments and UV inhibitors (for photo-
resistance) in the polymers. The heavy metal contents of the
carpet backing materials from these artiﬁcial turf products were
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generally comparable to or less than those in the ﬁbers.35 Lead
contents in the ﬁbers and carpet backing materials were quite
low (close or below 0.001 mg/g), indicating it was not a
common additive used in the production of current generation
of artiﬁcial turf. The ﬁbers and carpet backing of artiﬁcial turf
are made from the same polymers used in the manufacturing of
a wide range of consumer products, and are not expected to
have signiﬁcant adverse environmental impacts. Nonetheless,
the use of encapsulated lead chromate in some old ﬁelds and
specialty colorants in ﬁelds with exotic colors makes it
necessary to assess the ﬁbers of artiﬁcial turf ﬁelds on a case-
by-case basis.
Observations from Artiﬁcial Turf Fields. The tire chips
or rubber crumb used in various civil engineering applications
can be buried in soils, above or below the groundwater table, or
stay at the surface. In contrast, the tire rubber crumb is applied
as a relatively thin layer on the surface of artiﬁcial turf ﬁelds,
and the sizes are typically much ﬁner than the scrap tire
materials used in civil engineering applications. Therefore, ﬁeld
observations are essential for understanding the actual release
of hazardous substances from artiﬁcial turf and the potential
impacts on the environment and human health.
The impact of artiﬁcial turf on the air quality of sports ﬁelds
has been closely monitored in a number of studies. In general,
the levels of VOCs, SVOCs, PAHs, heavy metals, and
particulates (PM2.5 and PM10) in the air above outdoor artiﬁcial
turf ﬁelds were found to be comparable to those of local
background, and were within the regulatory limits,9,46−51
although the results might only be applicable to the speciﬁc
ﬁelds and conditions measured. One study found that the levels
of PM10 and metals at the high play activity sites of artiﬁcial turf
ﬁelds, although elevated compared to the background
concentrations, were below the corresponding air quality
standards.46 The VOCs and SVOCs in the air above outdoor
artiﬁcial turf ﬁelds resulted from volatilization from the ﬁelds
and local traﬃc emissions, both of which were subject to air
dispersion and dilution. In contrast, the concentrations of
VOCs and PAHs measured in indoor sports halls with artiﬁcial
turf were slightly elevated,52−54 while the levels of particulates
were similar to those in other urban indoor settings.53,55
With the porous structure of artiﬁcial turf, precipitation can
easily percolate through the inﬁll layer and potentially leach
heavy metals and organic contaminants out of the tire rubber
crumb. Several studies have characterized the contaminants in
the drainage of artiﬁcial turf ﬁelds (Table 2). Overall, the
concentrations of heavy metals and organic contaminants in the
drainage were low with the exception of Zn, which occurred at
concentrations up to near 0.5 mg/L. Many studies have
demonstrated the removal of various heavy metals (such as Cu,
Cd, Pb, and Hg) and organic contaminants (e.g., xylenes,
toluene, naphthalene, and trichloroethylene) from wastewaters
by tire rubber crumb,56−59 while some of them also observed
Figure 2. Life cycle environmental impacts of three representative artiﬁcial turf ﬁelds and an equivalent grass ﬁeld (75 000 ft2) that supports 600 h of
activity per year, using a grass ﬁeld of the same size but with an annual availability of 300 h as the basis of comparison (data from ref 62). One
artiﬁcial turf had nylon ﬁbers without inﬁll, while the others had tire rubber crumb inﬁll but with ﬁbers made of polyethylene and 70% polyethylene/
30% nylon, respectively. Although artiﬁcial turf ﬁelds could support up to 3000 h of activity per year, they were assumed to have annual availability of
600 h in this comparison. For natural grass ﬁelds, 300 h event activity per year is the typical annual playing capacity, while 600 h activity/year is the
upper limit.
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that zinc concentrations became elevated despite the removal of
other heavy metal ions.56,59 Relative to rainwater, the tire
rubber crumb in artiﬁcial turf is expected to function as a net
source of heavy metals and organic contaminants instead of a
sink.
Ecotoxicity can be expected for the drainage from artiﬁcial
turf ﬁelds with elevated levels of Zn, which adversely aﬀects the
growth, survival, and reproduction of aquatic plants, proto-
zoans, sponges, molluscs, crustaceans, echinoderms, ﬁsh, and
amphibians at concentrations as low as 10−25 μg/L.60 The
drainage from four pilot setups (with tire rubber crumb and
specialty synthetic rubber inﬁlls) with controlled atmosphere
and supervised human intervention treated with simulated rain
showed very slight toxicity to Daphnia magna and Pseudo-
kirchneriella subcapitata, while the drainage from an artiﬁcial turf
football pitch (with tire rubber crumb inﬁll) showed essentially
no toxicity.52 One ﬁeld sample did show a low impact on the
aquatic species, but chemical analysis results suggested that it
was probably due to pollution external to the ﬁeld.52 Another
study also found that the drainage from an artiﬁcial turf ﬁeld
with tire rubber crumb inﬁll exhibited no toxicity to Daphnia
pulex.50
Although air and water quality monitoring had been
conducted on artiﬁcial turf ﬁelds of various ages (from newly
constructed to 6 years old or more), the numbers of ﬁelds
sampled and samples collected at each site were rather limited.
Thus the results may not necessarily represent the potentially
large variations in the design, manufacturing material, geo-
graphical location, use pattern, age, and other conditions of
artiﬁcial turf ﬁelds, which can aﬀect the release of contaminants.
In addition, these ﬁeld investigations were often constrained by
available resources (e.g., personnel, equipment, and budget)
and accessibility of ﬁeld sites. Even though the existing ﬁeld
studies indicate artiﬁcial turf ﬁelds have limited impacts on air
quality and aquatic environment, more comprehensive ﬁeld
monitoring data are needed to verify these ﬁndings.
Results from Preliminary Life Cycle Assessment (LCA)
Studies. Both artiﬁcial turf and natural grass can have a range
of environmental impacts, including consumption of raw
materials and energy, and emissions to air, water, and land.
Therefore, determination of which type of product has a lower
overall environmental burden is not straightforward. To this
end, LCA provides an eﬃcient tool for systematically
comparing the environmental impacts of artiﬁcial turf and
natural grass through all stages of their life cycles (i.e., from
“cradle to grave”).
Constructed mostly from synthetic materials, artiﬁcial turf
ﬁelds have a much larger carbon footprint compared to grass
ﬁelds. It has been estimated that the total greenhouse gas
(GHG) emissions from manufacturing, transporting, installing,
maintaining, and disposing of a 9000 m2 artiﬁcial turf ﬁeld in
Toronto, Canada over a 10 year period is 55.6 tonnes CO2e,
while that from construction and maintenance of a grass ﬁeld of
the same size is −16.9 tonnes CO2e.
61 Through absorbing large
quantity of CO2 during growth, natural grass serves as a carbon
sink. On the other hand, the GHG emissions from the artiﬁcial
turf ﬁeld would be nearly doubled if the components were not
recycled at the end of life.61 It is worth pointing out that these
results are site speciﬁc (SI) and the diﬀerences in playable time
of the two types of ﬁelds are not accounted for in the
comparison.
Figure 2 compares the life cycle environmental impacts of
three representative artiﬁcial turf products with those of natural
grass on a multipurpose recreational sports ﬁeld (75 000 ft2)
over a 20-year time frame. Field availability, durability of the
artiﬁcial turf ﬁelds, and maintenance requirement of the grass
ﬁelds were based on the average data in the U.S.62 The results
indicate that artiﬁcial turf performed better or comparable to
natural grass in the major environmental categories, including
energy and resource consumption, emissions (air, water, and
solid waste), toxicity potential, and land uses over the
production, use, and disposal phases. Although the ozone
depletion potential of the artiﬁcial turf ﬁelds, which stemmed
predominantly from production and transportation, was much
higher than that of grass ﬁelds, its contribution to the overall
environmental impacts was less than 1% over their life cycles.62
The actual environmental impacts of natural grass and
artiﬁcial turf ﬁelds are strongly dependent on their availability.
For the grass ﬁeld, its environmental impacts could almost all
(excluding the ozone depletion potential) be reduced by a half
with the doubling of ﬁeld availability (Figure 2). Artiﬁcial turf
ﬁelds have much higher playability compared to grass turf ﬁelds
because of the lower maintenance requirement, superior
durability, and availability in all weather conditions.51 To
have the same hours of use (e.g., 2400 h), additional grass ﬁelds
(which are still not playable during the rainy season) have to be
built to match the availability of an artiﬁcial turf ﬁeld, which
would involve signiﬁcant environmental impacts from the
construction and maintenance activities.6 Therefore, the
environmental impacts of artiﬁcial turf ﬁelds relative to grass
ﬁelds can be signiﬁcantly reduced when they are used toward
the maximum availability (i.e., by substituting multiple grass
ﬁelds).
It should be noted that the results of LCA are model-based
representations of the real environmental impacts for the
speciﬁc turf ﬁelds, and are only valid under the speciﬁc
assumptions made on their production, installation, use,
maintenance, and disposal (SI). The environmental and health
impacts of a product can be signiﬁcantly inﬂuenced by the
material and energy inputs and outputs considered for each
stage of its life cycle, as well as limitations in data and
knowledge of speciﬁc environmental impacts.63,64 The LCA
studies conducted to date have limited scopes and are far from
comprehensive or representative of all types of artiﬁcial turf and
natural grass ﬁelds in all geographical conditions. Cooperation
and participation of the artiﬁcial turf industry by sharing
relevant data, and monitoring data on the emissions of organic
contaminants and heavy metals to air, water, and land during
the functional lifetimes of artiﬁcial turf ﬁelds, which were not
included in previous studies, will be crucial in more accurately
tracking their life cycle environmental impacts in the future.
■ HUMAN HEALTH IMPACT OF ARTIFICIAL TURF
FIELDS
Because tire rubber crumb contains a wide range of toxic and
even carcinogenic chemicals that can be released into the
surrounding environment, the potential health risk for ﬁeld
users has been a major concern. Players can be exposed to the
rubber particles and their hazardous constituents through
several routes, including ingestion, dermal uptake, and
inhalation, as illustrated in Figure 3. Many risk assessment
studies have been conducted to characterize the health risk of
tire rubber crumb in artiﬁcial turf ﬁelds via these exposure
routes, with the results consistently showing that no signiﬁcant
health risk was associated with being on or playing on such
ﬁelds.
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Although intentional or incidental oral ingestion of tire
rubber crumb on artiﬁcial turf ﬁelds is not a major exposure
pathway for typical users, this may happen for young children.
The potential risk of direct ingestion had been assessed in many
studies, and no signiﬁcant acute, cancer, or chronic adverse
health eﬀects were found at exposure levels ranging from acute
to chronic scenarios.43,54,65−69 Oral exposure can also occur
through hand-to-mouth activity following contact with artiﬁcial
turf surfaces, and such risk is typically associated with high
degree of variability and uncertainty as the exposure is
inﬂuenced by many factors, including the frequencies of ﬁeld
use, hand-to-playground contact, and hand-to-mouth activity, as
well as the transfer eﬃciencies of chemicals from hand to
mouth.55 Nonetheless, there is no indication that the exposure
to hazardous substances (PAHs and Pb) in tire rubber crumb
via hand-to-mouth contact could cause adverse health
eﬀects.65,70,71 Overall, studies evaluating end points in both
children and adults consistently found that the tire rubber
crumb in playgrounds and artiﬁcial turf ﬁelds poses low risk to
human health through oral exposure.
Players can be exposed to the chemicals leached from the
components of artiﬁcial turf and the tire rubber crumb through
skin absorption. However, with the natural protection oﬀered
by human skin and the typically short contacting time with tire
rubber crumb, dermal uptake of chemicals is unlikely to cause
systemic toxicity.55 In fact, risk assessment studies have shown
that the doses of toxic chemicals exposed through dermal
absorption were too low to cause any adverse health eﬀects,
including allergic response or indicated sensitization, for
children and adults playing on artiﬁcial turf ﬁelds.54,65,67
Biological monitoring also revealed that the level of a biomarker
(1-hydroxypyrene) for PAH exposure in the urines of adult
football players did not increase after intensive skin contact
with rubber crumb on artiﬁcial turf ﬁelds, suggesting the uptake
of PAHs via dermal pathway (and other exposure pathways as
well) was negligible.68,72
Inhalation of VOCs, SVOCs, and particulates/dusts released
from the tire rubber crumb of artiﬁcial turf ﬁelds is another
important exposure pathway, particularly given the accelerated
inhalation rates of the players.48 Field monitoring showed that
the levels of PAHs and VOCs detected in the air above outdoor
artiﬁcial turf ﬁelds were not high enough to threaten human
health,47,48,73 and that the health risk from indoor artiﬁcial turf
was also below the level of concern with adequate facility
ventilation.52−54 One study found that the PAH emissions from
artiﬁcial turf ﬁelds could result in an excess lifetime cancer risk
of 1 × 10−6 for professional athletes with 30 years of intense
activity (5 h/day, 5 days/week, all year round) from inhalation,
but no risk for discontinuous or amateur users.9 No elevated
Figure 3.Major exposure pathways for athletes and occasional users to
the hazardous substances in artiﬁcial turf ﬁelds. Tire rubber crumb can
be intentionally or incidentally ingested by the ﬁeld users, particularly
children. SVOCs and VOCs volatilized from the tire rubber crumb and
the ﬁne particulates resuspended from the ﬁeld can be inhaled. The
organic contaminants and heavy metals on the exterior surfaces of the
ﬁber blades and rubber inﬁll, as well as the ﬁne rubber granules, can
stick to the skin and clothes upon contact. As a result, the users can
also be exposed to these substances through dermal uptake and
incidental ingestion (e.g., via hand-to-mouth activity).
Figure 4. Inﬂuence of the major environmental factors on degradation of tire rubber crumb in artiﬁcial turf ﬁelds.
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risk was found with the exposure to respirable particulates
(PM10 and PM2.5) at artiﬁcial turf ﬁelds in both outdoor and
indoor settings, either.52−55 Taken together, it appears that the
health risk posed by tire rubber crumb used in both outdoor
and indoor artiﬁcial turf ﬁelds to professional athletes and
occasional users through inhalation is insigniﬁcant. Health risk
evaluation results indicated that elevated health risk from
inhalation exposure could occur only for workers installing
artiﬁcial turf in small and poorly ventilated facilities with a long
exposure history (>5 years).52
■ AREAS OF FURTHER RESEARCH
Although a number of studies have investigated the environ-
mental release of potentially hazardous substances from
artiﬁcial turf and its components, and exposure evaluations
failed to demonstrate signiﬁcant environmental and human
health risks for typical ﬁeld installations, several questions
pertaining to the environmental impacts of artiﬁcial turf ﬁelds
over their life cycle and their mitifation remain. Addressing
these issues should help resolve uncertainties that still hamper
the adoption of artiﬁcial turf at some sites.
Degradation of Tire Rubber Crumb under Field
Conditions. Characterization of the environmental breakdown
of tire rubber crumb is crucial for understanding the
environmental impacts of artiﬁcial turf as this process is
accompanied with release of the hazardous additives in the
rubber matrix and the degradation products of rubber
polymers. Although it is known that the cross-linked polymer
matrix of tire rubber can degrade slowly under natural
conditions,74 factors that inﬂuence the aging of rubber crumb
are poorly understood. As illustrated in Figure 4, exposure to
oxygen, ozone, heat, sunlight, and liquids can all cause changes
in the physical and chemical properties of tire rubber crumb,
and correspondingly release of contaminants from the degraded
rubber matrix. A range of additives and stabilizers are used in
tire manufacturing to inhibit undesired/unwanted chemical
reactions within the rubber components and to sustain their
structural integrity and desired properties over an extended
period of time. Oxygen in air permeates into tire rubber and
causes oxidative degradation of the vulcanizates, while the much
more reactive ozone almost exclusively attacks the surface
causing cracks perpendicular to the direction of applied stress in
the rubber.75 Heat accelerates oxygen diﬀusion in rubber stock
and thus the oxidative degradation.76 Ultraviolet radiation and
sunlight promote oxidative degradation and destruct the
antidegradants on the rubber surface.77 Water and mud cause
leaching of the soluble components from the rubber surface.
Climate and weather conditions also contribute to tire rubber
degradation as a composite result of the actions of sunlight,
temperature, and water. Overall, the interactions with all these
environmental factors lead to aging of tire rubber (i.e., cracking,
splitting, oxidizing, and overall deterioration).75,78
A range of antidegradants are used by tire manufacturers to
inhibit the attacks of oxygen and ozone (and ﬂex cracking as
well): antioxidants to limit oxidative degradation of the
vulcanizates, antiozonants to retard the occurrence or growth
of cracks caused by ozone attack, and ﬂex-crack inhibitors to
limit the initiation or growth of cracks resulting from cyclic
deformation (i.e., ﬂexing) of tires.11,16 In addition, waxes are
used to provide ozone protection through formation of a
chemically inert surface barrier. Because they can migrate freely
in the rubber stock, waxes are squeezed out onto the surface as
the tire rolls, which also helps bring fresh antiozonants to the
outside surface. As the antidegradants are gradually lost or used
up through the life of tires, aged tires have drastically reduced
resistance to weathering and initiation and propagation of
cracks compared to new ones.79 Due to the loss of
antidegradants, rubber crumb produced from scrap tires are
subject to much more signiﬁcant attacks from oxygen, ozone,
and sunlight compared to virgin rubber. The speciﬁc surface
areas of tire rubber crumb are much higher than those of scrap
tires, and most of the surface area is newly created by grinding
or other mechanical processes. As a result, the volatilization of
organic contaminants into air, and the leaching of heavy metals
and organic contaminants into the percolating water from tire
rubber crumb are expected to be signiﬁcantly increased
compared to the bulky scrap tires. The small particle sizes of
the tire rubber crumb also facilitate the aging process.76−78
With their high surface-to-volume ratios, granules of tire rubber
are subject to signiﬁcant ozone attack, which occurs
predominantly on the surface.78 Oxidative degradation is also
accelerated due to easier diﬀusion of oxygen into the rubber
stock.75 Under natural conditions, the protection eﬀect of
antidegradants left in the tire rubber crumb is also lost more
easily from the granules of smaller sizes.77 Furthermore, the
diurnal cycle of heating and cooling, and the freezing and
thawing, as well as the wetting and drying cycles associated with
weather patterns, along with the abrasion of the granules during
playing time all can enhance the degradation of tire rubber
crumb. The breakup of tire rubber crumb further accelerates
the degradation process, and concomitantly, the release of
hazardous substances into the environment.
Tire rubber is extremely resistant to biodegradation because
of its complex composition and the additives within its
matrix.74,80 Nonetheless, recent research showed that the
activity of both aerobic and anaerobic microorganisms could
devulcanize tire rubber polymers.74,81 Thiobacillus ferrooxidans
and Nocardia could cause microbial desulfurization of tire
rubber granules,81−84 and the degradation rate generally
increased with decreasing particle size when the cell attachment
eﬃciency was not a limiting factor.84,85 Nonetheless, degrada-
tion of tire rubber granules caused by microbial attack is much
less signiﬁcant compared to the attack by atmospheric
oxygen.86 Given the highly variable physical conditions (e.g.,
moisture and temperature) in artiﬁcial turf ﬁelds, biodegrada-
tion of tire rubber crumb is not expected to be important
compared to the abiotic degradation processes discussed above.
Because of the complex actions of oxygen, ozone, sunlight, and
water on rubber degradation, and the signiﬁcantly variable
conditions of artiﬁcial turf ﬁelds, it is necessary to study the
degradation of tire rubber crumb under relevant conditions
over their functional lifetimes.
Leaching Dynamics of Hazardous Substances. The
impacts of artiﬁcial turf ﬁelds on the environment are expected
to be localized but last throughout their functional lifetimes. To
predict the long-term impacts of artiﬁcial turf ﬁelds and help
designing appropriate environmental safeguards, it is necessary
to understand the environmental release of toxic metals (e.g.,
Zn, Pb, and Cd) and organic contaminants (e.g., PAHs) on a
fundamental basis. Heavy metals are nondegradable in
comparison with organic contaminants, and hence persist in
the recipient environment. Thus the accumulation of heavy
metals released from artiﬁcial turf ﬁelds over long-term is of
particular concern. The high contents of ZnO, and to a lesser
degree, PbO and CdO, in the tire rubber crumb present a
signiﬁcant point source of these hazardous substances. A typical
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soccer pitch/ﬁeld can contain a total of 1.2 tonnes of zinc
(assuming the rubber crumb has an average ZnO content of
1.5%). It has been estimated that under natural conditions 10−
40% of the Zn could be released from the ﬁne tire debris (<100
μm) mixed in soils within one year.87 If 10% of the ZnO in the
tire rubber crumb of an artiﬁcial turf ﬁeld were released over its
functional lifetime (10−20 years), it would contaminate 24 000
m3 of water to the secondary drinking water standard (5 mg/
L), or 1 million m3 of water to the USEPA’s criteria maximum
concentration (CMC, 120 μg/L) for the protection of
freshwater aquatic life. Similarly, the potential leaching of Cd
and Pb, which have much lower MCL and CMC values than
Zn, also poses signiﬁcant environmental concerns. Because of
its negative environmental eﬀect and high cost, the tire industry
has attempted to reduce the use of ZnO in tires and substitute
it with alternative vulcanization activators, but with limited
success so far.88,89 Therefore, the risk associated with Zn
leaching from tire rubber crumb would remain for artiﬁcial turf
ﬁelds in the foreseeable future.
Tire rubber also contains signiﬁcant levels of PAHs, which
originate from the highly aromatic (HA) oils added as extender
oils and the carbon black added as a reinforcement ﬁller during
production (SI). Due to concerns on the harmful eﬀects of
PAHs on human health and the environment, tire manufac-
turers had begun to substitute HA oils with alternative extender
oils since the 2000s.90 Extender oils that contain more than 1
mg/kg of benzo[a]pyrene or 10 mg/kg of the EU-8 priority
PAHs have been banned in tires manufactured in or imported
into the European Union (EU) countries since 2010.91 As a
result, major tire manufacturers have been implementing the
changes at their plants worldwide. Meanwhile, carbon black is
still used as a reinforcement ﬁller of choice in tire
manufacturing, thus its contribution to PAHs in tire rubber is
becoming relatively more important.92 Overall, with the phase-
out of HA oils in tire production, the contents of PAHs in tire
rubber crumb are expected to decline signiﬁcantly over this
decade.
The risk on human health and the environment posed by
heavy metals and organic contaminants occurring in artiﬁcial
turf depends on the rates at which they are released and
transported into the target organisms.93 The hydrophobic
PAHs in tire rubber crumb are not expected to desorb readily.
It has been observed that the PAHs on commercial carbon
black materials were not leached by artiﬁcial lung ﬂuid,94 and
that the PAHs on carbon black incorporated in cured rubber
formulations were scarcely available to various aqueous
media.95 Similarly, the rubber stock also has high aﬃnity for
HA oils and PAHs, and these organic contaminants are not
expected to leach out easily. Therefore, characterizing the
release of contaminants and their subsequent fate and transport
under ﬁeld conditions is critical to assess their actual risk. Many
factors, such as the composition of the inﬁll, and its particle size
and age, the acidity of rainwater, and the ambient temperature
are expected to aﬀect the leaching rates of heavy metals and
organic contaminants from tire rubber crumb, while the
subsequent transport behaviors of the contaminants released
are aﬀected by their interactions with the underlying rock
materials and pH of the drainage.35,49 The long-term evolution
of the contaminant release rates is diﬃcult to predict: they can
decrease over time due to the depletion of contaminants on the
surface of the rubber granules, while the accelerated weathering
of rubber granules exposed to sunlight, oxygen, ozone, and
water/moisture can result in formation of cracks and possibly
breakup of the rubber particles, which are expected to enhance
their release.
Large-scale monitoring campaigns based on systematic
random sampling of all artiﬁcial turf ﬁeld sites can be cost-
and resource-prohibitive. Thus carefully coordinated laboratory
and ﬁeld investigations are invaluable for characterizing the
release of heavy metals and organic contaminants from artiﬁcial
turf under relevant environmental conditions, as well as their
transport behaviors along with the ﬁeld drainage. It is
particularly worthwhile to study the contaminant release
under conditions representative of “worst case” scenarios
(e.g., high temperatures and frequent rainfalls) to estimate
the upper bound of impacts.
Management of Storm Drainage from Artiﬁcial Turf
Fields. To mitigate the release of potentially hazardous
substances from artiﬁcial turf ﬁelds into the aquatic environ-
ment, optimized treatment systems and management strategies
are needed to remove the contaminants before the drainage is
discharged into the receiving body. The gravel layers beneath
the artiﬁcial turf serve as a reservoir for the rainwater fallen on
the ﬁelds. The crushed rock used as a base material in the
construction of artiﬁcial turf ﬁeld (Figure 1b) has a
neutralization eﬀect on precipitation (e.g., acidic rainwater),49
and can eﬀectively retain Zn through sorption/coprecipita-
tion.35 Its presence in artiﬁcial turf ﬁelds help immobilize some
of the heavy metals released from the tire rubber crumb,
although the drainage of artiﬁcial turf ﬁelds still contained heavy
metals at appreciable levels.35,50,68 Given the relatively large
areas of artiﬁcial turf ﬁelds, signiﬁcant quantity of drainage can
be collected for beneﬁcial uses after proper treatment, such as
ﬁeld cleaning and irrigation of adjacent grass lawns.
Even though many of the contaminants that can be present
in the drainage from artiﬁcial turf ﬁelds do not have relevant
regulatory standards, it is prudent to treat the drainage to
prevent potential synergistic impacts of the contaminants at low
concentrations. The drainage is produced only intermittently
and often has complex chemical composition with signiﬁcant
variations in the concentrations of the contaminants, thus
conventional biological, physical, and chemical processes
developed for removing organic contaminants and heavy
metals from industrial and municipal wastewaters may not be
eﬀective. Besides the technical capability, the treatment process
should also meet the criteria of being robust, low-cost, and easy
to maintain. The hydrophobic organic contaminants (such as
PAHs) can be adsorbed from aqueous solutions onto activated
carbon, while heavy metals can be removed by mineral sorbents
through sorption and coprecipitation. Therefore, mixed
sorbents (e.g., activated carbon and mineral sorbents) packed
in the conﬁguration of a ﬁltration bed or a permeable reactive
barrier can be employed to remove the contaminants leached
from tire rubber crumb. Such treatment system can be installed
conveniently under the artiﬁcial turf ﬁelds to help mitigate the
potential impact of ﬁeld drainage on aquatic environment.
Disposal and Recycling of Artiﬁcial Turf Components.
Typical artiﬁcial turf ﬁelds have functional lifetimes of 10−20
years. Rubber crumb and other components of artiﬁcial turf
degrade upon exposure to sunlight, air, and water, and
eventually must be disposed of. Landﬁlling is the default
disposal option for scrap tires that are not recycled or reused.
However, tires in any shape or form have been banned from
landﬁlls in the EU countries since 2006,96 while landﬁlling of
cut or shredded tires is currently allowed in only 36 states of
the U.S.4 Given the large mass of tire rubber crumb used in
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artiﬁcial turf ﬁelds, eﬀective treatment or recycling schemes
must be developed to minimize the environmental impacts
upon disposal. A potential solution is to use the spent tire
rubber crumb as tire-derived fuel to supplement traditional
fuels (SI), although attention should be paid to control the
potential emissions of heavy metals contained in the rubber and
toxic organic contaminants, such as PAHs, and dioxins and
furans (due to the presence of chlorine in tires) during
burning.97 The plastic ﬁbers and carpet backing of artiﬁcial turf
used to be landﬁlled at the end of the ﬁeld’s functional lifetime.
A few companies have started to oﬀer the alternative of full ﬁeld
recycling for artiﬁcial turf since 2010. After thorough separation
of the inﬁll materials, the plastics are shredded, repalletized, and
converted into useable materials for new artiﬁcial turf
applications or other extruded plastic products.
Development of Alternative Inﬁll Materials. The
human health and environmental risk of artiﬁcial turf can be
eliminated or reduced by substituting the tire rubber crumb
with alternative inﬁll materials containing less hazardous
substances. Several alternative inﬁll materials have been
developed by artiﬁcial turf and rubber manufacturers.6,48
Table 3 summarizes the advantages and limitations of the six
major types of inﬁll materials available on the market. Even
though the alternative inﬁll materials contain much less
hazardous substances than tire rubber crumb, they are often
considerably more expensive. Besides the criterion of
containing minimum hazardous substances, the safety,
durability, and cost of the inﬁll materials are also important
considerations. Sand and tire rubber crumb have been ﬁeld
tested and proven for several decades, while the performance
and environmental friendliness of the newly emerged inﬁll
materials, including thermoplastic elastomers, ethylene propy-
lene diene monomer (EPDM) rubber, organic inﬁll, and rubber
coated sand remain to be ﬁeld proven.6 Furthermore, some of
the alternative inﬁll materials also release organic contaminants
and have environmental impacts similar to those of tire rubber
crumb.7,52,70,98 It may take years to develop environmentally
friendly alternative inﬁll materials that can match the durability
and performance of tire rubber crumb. It should be noted that
raw materials and energy are required for the production of
most of these alternatives, in addition to the lost beneﬁts of
reusing scrap tires. Thus the life cycle environmental impacts
should also be considered when developing substitutes for tire
rubber crumb in artiﬁcial turf.
■ PERSPECTIVE ON THE TURF WAR
Recycling and reuse of tire rubber in artiﬁcial turf contribute to
sustainable development by reducing the dependence on new
materials, waste generation, and energy consumption. The
limited number of studies conducted to date appear to indicate
that the concentrations of hazardous substances in the drainage
from artiﬁcial turf ﬁelds and in the air above them are relatively
low and of no signiﬁcant concern. Nonetheless, the release of
organic contaminants and heavy metals into the air, water, and
soil in the surrounding environment occurs continuously, and
their cumulative masses can be signiﬁcant over the ﬁelds’
functional lifetimes. There remains a signiﬁcant knowledge gap
that must be urgently addressed with the fast expansion of the
artiﬁcial turf market. Given the wide range of designs, ages, and
conditions of artiﬁcial turf ﬁelds, it is likely that the
contaminant release and the environmental impacts are variable
from site to site. It is also important to assess more
systematically the risk posed by the tire rubber crumb on the
environment and human health. The contents of some
hazardous substances, such PAHs, in tire rubber are expected
to decrease over time as the industry becomes more
environmentally conscious, which is going to reduce the
associated risk in artiﬁcial turf. Meanwhile, the development of
alternative inﬁll materials for replacing the tire rubber crumb,
which may signiﬁcantly increase the cost of artiﬁcial turf, will
help eliminate some of the major environmental concerns.
Overall, manufacturers are expected to produce more environ-
mentally friendly artiﬁcial turf as the general public become
increasingly concerned with its negative environmental impacts.
It is worth pointing out that the turf grass industry has also
been making signiﬁcant progress in developing new types of
grass to meet the water challenges and the increasing
environmental concerns associated with fertilizer and pesticide
applications. Improved turf grasses can be extremely drought-
tolerant, tough, and fast-growing, while having lower require-
ment for fertilizers and maintenance. Organic fertilizers that can
eliminate most of the environmental issues associated with
chemical fertilizers are also available. These advances have
greatly reduced the necessity of artiﬁcial turf in warm climates.
On the other hand, artiﬁcial turf appears to be the most viable
playing surface currently available in indoor sports facilities, in
the cold climates where the prime growing season of turf grass
is rather short, and in the dry climates and other zones with
scarce water resources.
Natural grass and artiﬁcial turf each have their advantages
and limitations (Table 1). Despite the existence of methods for
estimating their life cycle costs and environmental impacts, a
generally applicable methodology to compare objectively and
quantitatively the beneﬁts and impacts of natural grass and
artiﬁcial turf is diﬃcult because some of these attributes are
unrelated (belong to diﬀerent categories) and site speciﬁc, and
depend on how users value them.
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